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The EDGES collaboration’s observation of an anomalously strong 21 cm absorption feature around
the cosmic dawn era has energised the cosmological community by suggesting a novel signature of
dark matter in the cooling of cosmic hydrogen. In a recent letter we have argued that by virtue of
the ability to mediate cooling processes whilst in the condensed phase, a small amount of axion dark
matter can explain these observations within the context of standard models of axions and axion-
like particles. These axions and axion-like particles (ALPs) can thermalize through gravitational
self-interactions and so eventually form a Bose-Einstein condensate (BEC), whereupon large-scale
long-range correlation can produce experimentally observable signals such as these. In this context
the EDGES best-fit result favours an axion-like-particles mass in the (10, 450) meV range, which
can be compressed for the QCD axion to (100, 450) meV in the absence of fine tuning. Future
experiments and galaxy surveys, particularly the International Axion Observatory (IAXO) and
EUCLID, should have the capability to directly test this scenario. In this paper, we will explore
this mechanism in detail and give more thorough computational details of certain key points.
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I. Introduction
In the standard cosmology, our present Universe arose from a hot soup of radiation and matter left over after the
big bang. After the first 300,000 years elapsed, sufficient cooling allowed free electrons and protons to combine to form
neutral hydrogen atoms and thus begin the cosmological dark ages, an epoch in which there were no luminous sources.
Over time, local overdensities collapsed to form the first generations of stars and galaxies, resulting in the so-called the
cosmic dawn. As time went on this process continued, rendering the universe fully reionized, and ultimately resulting
in today’s almost transparent intergalactic medium dotted with galaxies, quasars and galaxy clusters.
Although our understanding of cosmology has advanced significantly over the last decades, many aspects of this
cosmic dawn are still unexplored. Meanwhile, in the standard ΛCDM cosmology, this epoch is relatively predictable
and easily understood. As such, it can serve as a ideal probe of physics beyond the ΛCDM paradigm.
One key observable is related to the absorption or emission spectrum of cosmic microwave background radiation at
the cosmic dawn, arising from the neutral hydrogen present absorbing wavelengths close to atomic transitions, and
thereby imprinting a characteristic spectral distortion in the vicinity of 21 cm, by virtue of the singlet/triplet spin
flip transition. This feature redshifts to about 80 MHz today, and has been observed by the Experiment to Detect
the Global Epoch of reionization Signature (EDGES) Collaboration [1], exactly, they claimed that the effective 21 cm
brightness temperature is:
T21 ' −0.5+0.2−0.5 K (1)
and the uncertainties quoted are at 99% confidence level.
The amplitude of this signal T21, fully described by subsequent Eq.(6), is given here in simple terms as
T21 ' 35mK
(
1− Tγ
Ts
)√
1 + z
18
(2)
where Ts is the singlet/triplet spin temperature(see Eq.(4) for the exact definition) of the hydrogen gas present at
that time, Tγ is the CMB temperature. Once stellar emission of UV radiation begins, perhaps around z ∼ 20, we
expect that Tγ >> Ts & Tgas, due to the decoupling of hydrogen gas and the CMB at z ∼ 200, and the coupling of
3the spin temperature to the kinetic gas temperature around z ∼ 20. In the standard ΛCDM scenario, Tγ |z∼17 ' 49
K and Tgas|z∼17 ' 6.8 K, so by Eq.(2), we have
T21 & −0.2K. (3)
The significance of the EDGES result deviating from the ΛCDM expectation is so big to be 3.8σ, which is really an
anomalously strong 21cm absorption feature from z ∈ (20, 15), corresponding to the era of early star formation.
Explanations of the EDGES result proposed in the literature can be roughly classified into four types. Firstly,
new mechanisms for cooling the gaseous medium, such as in Refs. [2–5, 7–10, 12, 13] by some kind of dark matter or
[6, 11] by dark energy. Secondly, proposals adding an extra soft photon component to promote the CMB temperature,
such as in Refs. [14–20]. Thirdly, modifications of cosmological evolution process, such as in Refs. [21, 22]. Lastly,
improvements to the measurement and treatment of the foregrounds to relax the anomaly, such as in Refs. [23, 24].
We are interested in the first of these approaches, but the interaction cross section required to achieve this is
prohibitive for most models of dark matter [2]. To be consistent with other experimental and observational constraints,
models capable of explaining the EDGES observation require millicharged dark matter comprising just 0.3 − 2%
of the total dark matter abundance, with masses and millicharges in the (10, 80) MeV and (10−4, 10−6) ranges,
respectively [3–5].
As such, in the following we will propose a more natural dark-matter theoretic approach, which is based on the
speculated ability of axion dark matter to form a Bose-Einstein Condensate [25, 26]. In many respects, this condensed
state behaves as ordinary CDM, but it has a particularly interesting ability to induce transitions between momentum
states of coupled particle species, and hence is naturally equipped with a cooling effect. This mechanism was originally
invoked in Ref. [27] to lower the photon temperature in the era of Big Bang Nucleosynthesis (BBN), albeit with a
different motivation to our own 1.
By consistently adjusting the parameter range, we can analogously lower the hydrogen temperature prior to the
cosmic dawn to explain the EDGES observations in the context of axion and axion-like-particle (ALP) models. We
fortunately find that, to be close to the existing experimental limits, the implied parameter range could be tested at
the next generation of axion experiments and large scale surveys, particularly IAXO[28] and EUCLID[29].
This paper is intended to serve as an extended edition of a previous letter “Natural explanation for 21 cm absorption
signals via axion-induced cooling” [9]. As such the content will be similar, but we will provide more background and
detailed computational steps.
We emphasize for clarity that, although several other axion-related explanations [8, 18, 19] have been proposed, our
approach differs in many essential respects from them. We also note Ref. [10], which appeared shortly after Ref. [9]
deals with the same scenario of axion BEC-induced cooling and 21 cm cosmology, but with different emphasis.
The outline of this paper is as follows. In Section II, we give a concise introduction of the astrophysics background,
including 21 cm cosmology and the EDGES experiment. In Section III, we give an overview of the relevant aspects
of axion physics, covering the basic motivation of the axion proposal, the axion dark matter scenario, and the Bose-
Einstein condensation of axion dark matter. In Section IV, the hydrogen cooling mechanism is explored in detail, based
on the axion BEC, including concrete cooling rate formulae. In Section V, we demonstrate the resulting parameter
space constraints, and discuss the possible experiments and observations with the potential to confirm this model.
Section VI provides a summary.
II. The Astrophysics background
II.A. The 21 cm signal
The so-called 21 cm signal/line is associated to the hyperfine splitting between the spin singlet and triplet states
of the electron and proton in a hydrogen atom. Hydrogen is ubiquitous in the Universe, amounting to ∼ 75% of the
gas mass present in the intergalactic medium (IGM). As such, this observable provides a convenient tracer of the
properties of the first billion years of our Universe. The 21 cm line from gas during this time redshifts to 30-200 MHz
today, making it a prime target for the new generation of radio interferometers currently being built.
The related research is an active area of astrophysics and cosmology, often referred to simply as ‘21 cm cosmol-
ogy’ [30, 31].
1 Concretely, the authors of [27] wanted to ease the discrepancy between the observed and predicted primordial 7Li abundance by adjusting
the baryon-to-photon ratio.
4There are two kinds of 21 cm signal, full 3D and global (sky-averaged), respectively.
For the full 3D signal, observations of the 21 cm line constrain the properties of the intergalactic medium and
the cumulative impact of light from all galaxies. In combination with other direct observations of the sources, they
provide a powerful tool for learning about the first stars and galaxies. By observing the surrounding ionization bubbles,
they can also provide useful information about active galactic nuclei (AGN), such as quasars. Because part of the
signal couples with the density field, which can give some information about the initial conditions of cosmic inflation
and neutrino masses in the form of the power spectrum, it could also allow precise measurements of cosmological
parameters, thereby illuminating fundamental physics.
Besides the above physical significance of the full 3D 21 cm signal, Ref. [34–36] has also shown that the global
(sky-averaged) 21 cm observations can be used to constrain for example the Lyman-α background intensity and heat
deposition, the growth rate of dark matter halos, and to provide unique signatures of Population III stars.
II.B. Detection mechanism
The detectability of the 21 cm signal relies on the spin temperature, an effective temperature that describes the
relative abundances of the ground and excited states of the hyperfine splitting of the hydrogen atom, defined by
n1/n0 = (g1/g0) exp(−T?/Ts), (4)
where ni are the number densities of hydrogen atoms in the two hyperfine levels, subscript 0 and 1 for the 1S singlet
and 1S triplet levels, respectively, gi is the statistical degeneracy factors of the two levels, with (g1/g0) = 3, and
T? ≡ hc/kλ21cm = 0.068 K. This signal can only be observed when the spin temperature deviates from a given
background.
In the early Universe when the gas density is high, collisions between different particles may induce spin-flips in a
hydrogen atom and dominate the spin temperature coupling2. Then the spin temperature can be identified with the
background gas temperature, which is the same as the CMB temperature.
For most of the redshifts z ≤ 200, gas collisional coupling of the 21 cm line is inefficient, and absorption/emission of
21 cm photons to and from the radio background, primarily the CMB, becomes the most important element affecting
the spin temperature, so the spin temperature is close to the CMB temperature.
However, when the first generations of stars begin to form, Lyα photons offer another coupling channel(about
z ∼ 20). This is the so-called Wouthuysen-Field effect [32, 33]. The main idea is as follows: suppose that hydrogen
is initially in the hyperfine singlet state, so that absorption of a Lyα photon will excite the atom into higher energy
level, such as either of the central 2P hyperfine states. From here, the transition to a lower energy level can place the
atom in either of the two ground state hyperfine levels (i.e., the spin singlet and triplet states). If the final state is
triplet then a spin-flip has occurred. Hence, Lyα photons can induce spin-flips via an intermediate excited state.
As a whole, the spin temperature is determined by three processes: (i) collisions with other hydrogen atoms,
electrons and protons; (ii) absorption/emission of 21 cm photons to and from the CMB; (iii) scattering of Lyα
photons. The resulting spin temperature is then set by the equilibrium balance of these effects 3, formulated as
T−1s =
T−1γ + xαT
−1
α + xcT
−1
K
1 + xα + xc
(5)
where Tγ is the temperature of CMB, Tα is the color temperature of the Lyα radiation, TK is the gas kinetic
temperature, Tα is closely coupled to TK from the repeated recoil and scattering, and xα, xc are the coupling coefficients
due to scattering of Lyα photons and atomic collisions, respectively [33]. Obviously, the spin temperature will be very
close to Tγ when xα + xc  1 and approaches the gas temperature when xα + xc  1.
Roughly speaking, shortly after the decoupling of the CMB and hydrogen gas at z ∼ 200, Ts is between Tγ and TH ;
as the Universe expands, diluting the gas, Ts moves towards Tγ . Around z ∼ 20, stars begin the emission of Lyα and
X-ray photons, and Ts couples to the hydrogen gas temperature due to the Wouthuysen-Field effect. So we expect
that Tγ  Ts & Tgas at z ∼ 20.
To be used conventionally with observations, Ref. [30] also defines an effective 21 cm brightness temperature
T21 = 26.8xHI
ρg
ρ¯g
(
Ωbh
0.0327
)(
Ωm
0.307
)−1/2(
1 + z
10
)1/2(
Ts − Tγ
Ts
)
mK (6)
2 There exist three main channels: collisions between two hydrogen atoms, collisions between a hydrogen atom and an electron, and
similarly, collisions between a hydrogen atom and a proton.
3 The equilibrium condition is an excellent approximation since the rate of these processes is much faster than the de-excitation time of
the 21 cm line.
5where xHI is the mean mass fraction of hydrogen that is neutral (i.e. not ionized), ρg is the gas density and ρ¯g its
cosmic mean value, Ωm and Ωb are the cosmic mean densities of matter and of baryons, respectively, in units of
the critical density, h is the Hubble parameter in units of 100 km s−1 Mpc−1, z is the redshift (corresponding to an
observed wavelength of 21×(1 + z) cm and an observed frequency of 1420/(1 + z) MHz), Tγ = 2.725× (1 + z) is the
CMB temperature at z, and Ts is the spin temperature of hydrogen at z as shown in Eq.(5).
II.C. Detection instruments and the EDGES observation
As we have shown in the previous section, detecting the 21 cm signal from the cosmic dawn should enable key
insights into the nature of the first stellar objects and their substantial influence on galaxy formation, and the later
processes which lead to the complex structures we see in the Universe today. The instruments to do so are roughly
classified in two ways: full 3D signal detection instruments, and global signal detection instruments. The global signal
can be viewed as a zeroth order approximation to the full 3D signal, as it is averaged over large angular scales.
Because of the spatial variation in the different radiation fields and properties of the IGM, the full 3D signal
will be highly inhomogeneous. There are many full 3D signal detection instruments, such as the Giant Meterwave
Radio Telescope (GMRT)[37, 38], PrimevAl Structure Telescope (PAST or 21CMA)[39], Murchison Widefield Array
(MWA)[40, 41], the LOw Frequency ARray (LOFAR)[42], and the Precision Array to Probe the Epoch of Reionization
(PAPER)[43], which aim to detect the fluctuations of the redshifted 21 cm radio background induced by variations in
the neutral hydrogen density. Next generation instruments, such as SKA [44–49], will be able to make more detailed
observation of the ionized regions during reionization, and probe more of the properties of cosmic hydrogen.
The global 21 cm signal is averaged over the sky without high angular resolution, so it can be detected as an absolute
frequency-dependent temperature via a single dipole antenna. The pioneering experiments aiming to do so are the
Sonda Cosmolgica de las Islas para la Deteccin de Hidrgeno Neutro (SCI-HI)[50], the Large-Aperture Experiment to
Detect the Dark Ages (LEDA)[51], the Shaped Antenna measurement of the background Radio Spectrum 2 (SARAS
2)[52], the COsmological Reionization Experiment (CORE)[53], the Probing Radio Intensity at high z from Marion
(PRIZM)[54], and the Experiment to Detect the Global EoR Signature (EDGES)[1, 2].
EDGES is a collaboration between Arizona State University and the MIT Haystack Observatory, funded by the
National Science Foundation (NSF). The projects goal is to detect the radio signatures of hydrogen from the cosmic
period known as the Epoch of Reionization (EoR), soon after the formation of the first stars and galaxies. Concretely,
EDGES aims to probe the radiative properties of the first stars and compact objects via the profile of the observed
21 cm absorption or emission spectrum features in the radio background.
Although the detection principle is simple, a practical measurement is complicated by the need for nontrivial
subtraction of galactic foregrounds, which are orders of magnitude larger than the expected signal. On the assumption
of spectral smoothness of the foreground signals, in contrast to the specific spectral structure of the 21 cm absorption
profile, foregrounds can be predicted by, for example, fitting a low order polynomial, and hence subtracted to leaving
the desired 21 cm signal in the residuals [55]. In foreground estimation an additional complication is the Earths
ionosphere, which affects the propagation of radio waves via absorption of incoming radiation, and direct thermal
emission from electrons in the ionosphere. This contribution can however also be modeled with a good fit to the data
[56]. To account for possible mixing with the foregrounds, precise calibration of the instrumental frequency response
is also required, which is a significant milestone completed by the EDGES collaboration [57]. Note: While the
present paper was being completed, a new controversy about foreground model consistency appeared[58], however the
response of EDGES collaboration is substantive[59]. With global 21 cm signal model[31], EDGES can then perform
least-squares and/or Markov Chain Monte Carlo (MCMC) analyses to get best-fits and reasonable confidence intervals,
and consequently derive astrophysical information from observations through parameter estimation in these calibrated
and integrated model fits [60, 61].
III. Axion physics
In this section we will give a brief overview of the relevant aspects of axion physics and cosmology, further details
are available in Ref. [62–64].
6III.A. The basics
The axion is a hypothetical elementary particle originally postulated in 1977 [65–67] to resolve the strong CP problem
in quantum chromodynamics (QCD). The existence of axion like particles (ALPs) are more generally predictions of
many high energy physics models, including string theory in particular. In the following, the QCD axion is contrasted
with ALPs, while we use the term ‘axion’ flexibly to include both the QCD axion and ALPs.
The QCD axion
The QCD axion primarily provides a excellent solution to the strong CP problem, and thus an attractive target for
particle physics searches beyond the Standard Model[65–71]. The basic idea is in concise terms as follows.
The QCD vacuum is non-trivially dependent on a parameter θ ∈ [0, 2pi], which results an effective CP odd term to
the QCD Lagrangian,
LθQCD = θQCD
32pi2
Tr GµνG˜
µν (7)
where Gµν is the gluon field strength tensor, and G˜
µν = µναβGαβ/2 is its dual. This θ term can be changed by adding
additional phases to the quark mass matrix via θ → θ−∑αi and qi → eiαiγ5/2qi, and so the physical parameter that
determines the CP violation in QCD is θ˜,
θ˜QCD = θQCD + arg detMuMd (8)
where Mu, Md are the quark mass matrices. The resulting electric dipole moment (EDM) for the neutron is
dn ≈ 3.6× 10−16θ˜QCD e cm (9)
where e is the charge on the electron [72]. This dipole moment is constrained to |dn| < 2.9 × 10−26 e cm (90% C.L.)
by experiment [73], implying θ˜QCD . 10−10. This fine tuning constitutes the strong CP problem.
The QCD axion is a pseudoscalar field which dynamically sets θ˜QCD = 0 via QCD non-perturbative effects. The
idea is that one may introduce an additional U(1) symmetry, the Peccei-Quinn symmetry, which spontaneously breaks
and results a pseudo-Goldstone boson. This Goldstone boson receives a small potential from QCD instanton effects
and consequently the QCD θ term receives a dynamical contribution. A theorem of Vafa and Witten [74] guarantees
that the instanton potential is minimized at the CP conserving value, which solves the strong CP problem.
QCD axion models are generally categorised into three types;
• The Peccei-Quinn-Weinberg-Wilczek (PQWW) [65–67] axion, which introduces an additional complex scalar
field, now known as PQ scalar, coupled to the electroweak Higgs sector.
• The Kim-Shifman-Vainshtein-Zakharov (KSVZ) [68, 69] axion, which introduces the PQ scalar and a pair of
heavy quarks.
• The Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) [70, 71] axion, which introduces the PQ scalar and an additional
Higgs field.
The PQWW model was excluded by experiment quickly, while KSVZ and DFSZ models are still phenomenologically
viable. There are of course newer variant models with some enhancements, designed to avoid issues with long lived
strongly interacting relics, Landau poles, or astrophysical limits [75–77], or to incorporate PQ symmetry with some
kinds of supersymmetric standard model or grand unified theory [78–81], or to get Peccei-Quinn symmetries from
exact discrete symmetries [82], or to unify PQ symmetry and neutrino seesaw mechanism [83, 84], which overall give
more flexible theoretical configurations.
Axion-like particles
Any breaking of anomalous global symmetries will result in pseudo Nambu-Goldstone (pNG) bosons, if these
bosons have similar properties with the QCD axion, we will refer them as axion-like particles (ALPs). There are some
examples, such as lepton number symmetry breaking [85, 86] or family/flavor symmetry breaking [87–90]. But most
famous ALPs exist in the string theory context [91–93].
String theory requires additional spacetime dimensions beyond the usual four for self-consistency, such as 26 in the
bosonic string case, 10 in the superstring case, etc. The additional spacetime dimensions are typically compactified to
a very small size to be compatible with our Universe. To get appropriate low energy physics with unbroken supersym-
metry and chiral matter, the compactified additional spacetime dimensions form manifolds usually of “Calabi-Yau”
type [94].
7Axion-like particles generically arise in this context as the Kaluza-Klein (KK) zero modes of the antisymmetric
tensors on the compactified manifold [91, 95]4. The number of axions present is determined by the Hodge numbers
of the compactified manifold. The 4D global Peccei-Quinn-like symmetry is locally equivalent to a higher-dimension
gauge symmetry, and so these ALPs are massless to all orders in perturbation theory, but can obtain a potential via
non-perturbative effects, such as instantons. In the low-energy 4D limit these ALPs, with symmetry properties similar
to QCD axions, are such a generic and inevitable prediction of string theory [95], that this scenario has become known
as the “string axiverse” [96].
From the point of view of phenomenology, the key differences between QCD axion and Axion-like particles are the
coupling strengths to the standard model particles, especially to vector field strength tensors.
III.B. The axion as dark matter
Dark matter (DM) is a critical element of the modern standard model of cosmology. If the QCD axion exists and
the decay constant fa in Eq.(14) is large, it should be extremely weakly interacting and stable, and thus an excellent
DM candidate [97–101]. Whilst the literature on this topic is abundant, we will in the following focus purely on the
elements which are of relevance to our later discussion.
III.B.1. The axion field in the early Universe
For the axion field in the early Universe, there are several entangled factors of relevance. For a clear description,
we briefly delineate these into three parts as follows.
Two primary processes
As mentioned in the previous section, the behaviour of axions in the early Universe is determined by two important
physical processes. Firstly, spontaneously symmetry breaking at a scale fa, and secondly, the non-perturbative
generation of a potential, and therefore a mass, for the axion.
To clarify, the axion field, φ, is related to the angular degree of freedom of a complex scalar, ϕ = χeiφ/fa . The
radial field, χ, obtains the vacuum expectation value 〈χ〉 = fa/
√
2 when the corresponding global U(1) symmetry is
broken at a high energy scale fa. The field χ is normally heavy, whilst the axion φ is the massless Goldstone boson
of this broken symmetry.
As the Universe expands, temperature decreases. At some particular energy scale, non-perturbative effects, for
example instantons, become relevant in the path integral and the shift symmetry is broken, inducing a potential for
the axion, V (φ). If the scale of non-perturbative physics is Λa, the potential can be written as V (φ) = Λ
4
aU(φ/fa),
where U(x) is periodic. The dynamics of φ send it to one of these vacua, which is the essence of the PQ mechanism.
Appropriately choosing the origin in field space, we can arrange for U(x) to have a minimum at x = 0. A simple and
generic choice for the potential is
V (φ) = Λ4a
∣∣∣∣1− cos(Cφfa
)∣∣∣∣ (10)
where C is known as the colour anomaly of the PQ symmetry, and is given by
Cδab = 2Tr QPQTaTb (11)
Here the trace is over all the fermions in the theory, and Ta are the generators of the corresponding fermion represen-
tations. The colour anomaly also represents the number of potential vacua in the range [0, 2pifa], is thus also known
as the domain wall number, which must be integer [102]. In the following paper, unless otherwise stated the colour
anomaly will be absorbed into fa.
For the small φ displacements from the potential minimum, the potential can be expanded as a Taylor series. The
dominant piece is the mass term:
V (φ) ≈ 1
2
m2aφ
2 (12)
4 For example, the antisymmetric partner of the metric, BMN , which is present in all string theories.
8where the mass is given by:
ma = Λ
2
a/fa (13)
The symmetry breaking scale fa is typically rather high for acceptable phenomenology, whilst the non-perturbative
scale Λa is relatively much lower. The axion mass is thus parametrically small. In addition, axion self-interactions
and interactions with Standard Model fields are also suppressed by powers of fa. By virtue of the underlying shift
symmetry φ→ φ+ const, the axion mass is protected from perturbative quantum corrections. In general, the axion
mass will also be temperature dependent, because of the temperature dependence of the non-perturbative effects. All
of these elements conspire to make the axion a light, weakly interacting, long-lived particle, and hence a natural dark
matter candidate 5.
For the QCD axion in particular, the mass is induced by QCD instantons and can be calculated in chiral perturbation
theory [66, 67], yielding
ma,QCD = Λ
2
a/fa ≈ 6× 10−6eV
(
1012 GeV
fa
)
(14)
Inflationary effects
Besides the two above important physical processes, inflation also plays a key role in axion phenomenology. Here,
for our purposes, axions are regarded as bystander fields during inflation6. To be specific, but without loss of much
generality, we assume a standard inflationary model (i.e., a single-field, slow-roll model), and that the Universe is
radiation dominated when V (φ) switches on because of the final reheating phase of inflation.
The temperature of the Universe during inflation is given by the Gibbons-Hawking [103] temperature
TI =
HI
2pi
= Mpl
√
AsrT /8 (15)
where HI is the inflationary Hubble scale, As is the scalar amplitude, rT is the tensor-to-scalar ratio.
From the constraints of the combined analysis of Planck and BICEP2 [104], we know As = 2.20× 10−9, rT < 0.12
and thus
TI =
HI
2pi
< 1.4× 1013 GeV (16)
PQ symmetry will be broken after inflation when fa < TI , and before when fa > TI . Each scenario will lead to
a different cosmology. In particular, it will affect the relation between the axion relic density and the axion decay
constant.
Productions of axions
A relic axion population can be produced in a number of different ways. The four principal mechanisms are:
• Thermal axion production from parent particle decay.
Arising in models with SUSY and extra dimensions, the axion field can be coupled to a massive particle, X,
with mX > ma. As X decays, a population of relativistic axions is created, which is a kind of dark radiation
(DR). This scenario is considered a generic prediction of many string and M-theory compactifications, and has
a rich phenomenology (see e.g. Refs. [105–109]), but is not the emphasis of our paper.
• Cold axion production from topological defect decay.
Various kinds of topological defects can be formed during the breaking of global symmetries [110]. In the case of
a global U(1) PQ symmetry, this gives rise to global (axionic) strings and domain walls (if C > 1). The decays
of these topological defects can produce a population of cold axions. In the scenario where PQ symmetry is
broken before inflation, topological defects and their decay products are inflated away, and thus can be neglected.
This scenario is favored in our present scenario. Otherwise, PQ symmetry is broken after inflation, some other
mechanism are typically needed to eliminate the domain walls, see e.g. Refs. [111, 112].
5 These properties also permit axions to naturally address problems of inflation and dark energy, which are out of our present scope.
6 Inflation driven by an axion field is also discussed in related section of [62].
9• Thermal axion production from the reheating bath.
Just as for other massive standard model particles, the mutual production and annihilation during reheating can
result in a thermal relic population of QCD axions. Concretely, QCD axions are produced from the standard
model plasma typically by pion scattering, and decouple or freeze-out when the rate of the process pi+pi → pi+a
becomes lower than the Hubble rate. The thermal axion abundance is determined by the decoupling temperature,
with a roughly inverse relation, see e.g. Ref. [113]. Although ALPs are generically more weakly coupled to the
standard model than the QCD axion, their abundance is model dependent, with enough freedom to adjust.
• Cold axions production from vacuum realignment.
For the advantageous model independence, the process of vacuum realignment or misalignment mechanism is
a favored production mode for axions. It relies only on the defining property of the axion (being a pNGB of
spontaneously broken symmetry), and its gravitational and self interactions.
If we take only the mass term in the axion potential for simplicity, from the Friedmann equations of cosmology
we can get an equation of motion for the homogeneous component of the axion field
φ¨+ 3Hφ˙+m2aφ = 0 (17)
which is the equation of a simple harmonic oscillator with time dependent friction. When the axion field
transitions from over-damped to under-damped motion, occurring when H ∼ ma, it begins to oscillate. For
axions in the vacuum realignment mode, with H(ti) ma, the initial conditions are well defined7:
φ(ti) = faθa,i , φ˙(ti) = 0 . (18)
Hence, the misalignment production of DM axions is determined by Eqs. (17), (18). The homogeneous value
of the field depends specifically on if PQ symmetry breaking occurs before or after inflation. The term “mis-
alignment” refers to the coherent initial displacement of the axion field, and “vacuum realignment” refers to the
process by which this axion field relaxes to the potential minimum.
We leave most of the details to the reference [62].
III.B.2. The condensation of axion dark matter
After becoming massive, axions may intuitively evolve like ordinary dark matter, without special phenomena. But
thanks to the bosonic nature of axions and their very high phase space density, a number of novel condensation-derived
effects have been suggested to occur [25–27, 114–116], as we will explore in this section.
We note firstly that the underlying conditions for BEC formation are that: (i) the system comprise a large number
of identical bosons, (ii)the bosons are conserved in number, (iii) the system are sufficiently degenerate and (iv)
the system are in sufficient thermal equilibrium [116]. CDM axions satisfy all the conditions (from the following
derivation), making the formation of a BEC a reasonable possibility. Dark matter axions may thermalize in the early
universe by two kinds of processes[26]: intrinsic self-interactions of the λφ4 type and gravitational self-interactions.
Once thermalized, they can form a Bose-Einstein condensate.
Axion interactions
Inside a cubic box of volume V = L3 with periodic boundary conditions, we expand the axion field φ(~x, t) and its
canonical conjugate field pi(~x, t) into Fourier components in the Heisenberg picture as
φ(~x, t) =
∑
~n
(
a~n(t) Φ~n(~x) + a
†
~n(t) Φ
∗
~n(~x)
)
,
pi(~x, t) =
∑
~n
(−iω~n)
(
a~n(t) Φ~n(~x) − a†~n(t) Φ∗~n(~x)
)
. (19)
where
Φ~n(~x) =
1√
2ω~nV
ei~p~n·~x (20)
7 At PQ symmetry breaking, the Hubble rate is much larger than the axion mass, and the field is overdamped, setting φ˙ = 0 initially.
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and ~n = (n1, n2, n3) with nk (k = 1, 2, 3) integers, ~p~n =
2pi
L ~n, and ω =
√
~p · ~p+m2. The a~n and a†~n satisfy canonical
equal-time commutation relations:
[a~n(t), a
†
~n′(t)] = δ~n,~n′ , [a~n(t), a~n′(t)] = 0 (21)
In the Newtonian limit, neglecting high order self-interactions, the generic action density of axions is
La = 1
2
∂µφ∂
µφ− 1
2
m2φ2 +
λ
4!
φ4 +
G
2
∫
d3x d3x′
ρ(~x, t)ρ(~x′, t)
|~x− ~x′| (22)
where G is the Newtonian constant, ρ = 12 (pi
2 +m2φ2) is the axion energy density.
Provided the axions are non-relativistic (e.g. cold axions produced via the misalignment mechanism), energy
conservation allows only axion number conserving processes at tree level, then the the intrinsic interactions of the
axion field are
Hλ =
∑
~n1,~n2,~n3,~n4
1
4
Λ ~n3,~n4λ ~n1,~n2 a
†
~n1
a†~n2a~n3a~n4 (23)
where
Λ ~n3,~n4λ ~n1,~n2 = −
λ
4m2V
δ~n1+~n2,~n3+~n4 (24)
Neglecting general relativistic corrections and dropping again all axion number violating terms, for processes well
within the horizon, the gravitational interactions of the axion fluid are described by
Hg =
∑
~n1,~n2,~n3,~n4
1
4
Λ ~n3,~n4g ~n1,~n2 a
†
~n1
a†~n2a~n3a~n4 (25)
where
Λ ~n3,~n4g ~n1,~n2 = −
4piGm2
V
δ~n1+~n2,~n3+~n4
(
1
|~p~n1 − ~p~n3 |2
+
1
|~p~n1 − ~p~n4 |2
)
(26)
To guarantee momentum conservation for each individual interaction, the Kronecker symbol δ~n1+~n2,~n3+~n4 is inserted
in Eq. (24, 26).
Any axion number violating processes can be safely ignored because they occur only in loop diagrams at higher
orders in an expansion in powers of 1/fa.
8 Hence dropping all terms of the form a†a†a†a†, a a† a† a†, a a a a, and
a a a a† is quite reasonable.
Equivalent to a large number M of coupled oscillators, the Hamiltonian can be generically expressed as
H =
M∑
j=1
ωja
†
jaj +
∑
i,j,k,l
1
4
Λijkl a
†
ka
†
l aiaj (27)
where Λ = Λλ + Λg, k, l, i, j represent ~nk, ~nl, ~ni, ~nj , and Λ
ij
kl = Λ
ij
lk = Λ
ji
kl = Λ
kl ∗
ij . The total number of particles is
N =
M∑
l=1
Nl =
M∑
l=1
a†l al (28)
which is conserved.
After knowing the underlying dynamics of the axion field, the question of interest now is: starting with an arbitrary
initial state, how quickly will the average occupation numbers 〈Nl〉 = 〈a†l al〉 approach a thermally equilibrated
distribution? The usual approach to answering this question relies upon a Boltzmann equation approach, however
which is not valid for the cold axion fluid because of the different underlying assumptions. As such, a more general
approach is required.
8 In fact, around the axion mass range of interest, all axion number violating processes will occur on time scales much longer than the
age of the universe [26].
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Supposing l = 1...M , one finds that [26]
N˙l = i
M∑
i,j,k=1
1
2
(ΛklijA
†
iA
†
jAkAle
−iΩklij t − h.c.)
+
M∑
k,i,j=1
1
2
|Λklij |2 [NiNj(Nl + 1)(Nk + 1)−NlNk(Ni + 1)(Nj + 1)]
2
Ωklij
sin(Ωklij t)
+
M∑
k,i,j=1
M∑
p,m,n=1
(p;m,n) 6=(k;i,j)
[
1
2
ΛijklΛ
lp
mnA
†
mA
†
nA
†
kApAiAje
i(Ωklij+Ω
mn
lp /2)t
1
Ωmnlp
sin(
Ωmnlp
2
t) + h.c.]
+
M∑
k,i,j=1
M∑
p,m,n=1
(p;m,n)6=(l;i,j)
[
1
2
ΛijklΛ
kp
mnA
†
lA
†
mA
†
nApAiAje
i(Ωklij+Ω
mn
kp /2)t
1
Ωmnkp
sin(
Ωmnkp
2
t) + h.c.]
−
M∑
k,i,j=1
M∑
p,m,n=1
(p;m,n)6=(j;l,k)
[
1
2
ΛijlkΛ
mn
ip A
†
lA
†
kA
†
pAmAnAje
i(Ωklij+Ω
ip
mn/2)t
1
Ωipmn
sin(
Ωipmn
2
t) + h.c.]
−
M∑
k,i,j=1
M∑
p,m,n=1
(p;m,n) 6=(i;l,k)
[
1
2
ΛijlkΛ
mn
jp A
†
lA
†
kA
†
pAiAmAne
i(Ωklij+Ω
jp
mn/2)t
1
Ωjpmn
sin(
Ωjpmn
2
t) + h.c.]
+ O(Λ3) (29)
where Ωklij ≡ ωk + ωl − ωi − ωj , and Nl is short for N~pl . The double sums will be ignored in the following discussion.
The key quantity for discussions of axion condensation is the relaxation rate, defined as
Γ ∼ N˙N (30)
which is time-dependent. As the relaxation rate reaches a value equal to or bigger than the Hubble rate, the system
will approach thermal equilibrium.
Self-relaxation rate
Based on the relation between the relaxation rate and the energy associated to the corresponding transition, there
are two possible regimes. This first condition: Γ << δω, defines the “particle kinetic regime”. In the particle kinetic
regime, the first order terms in the evolution equations are irrelevant because they average out in time, and the second
order terms dominate. The second condition: Γ >> δω, defines the “condensed regime”. In the condensed regime,
contrastingly, the first order terms not only exist but also dominate over the second order terms. As such we can
use the first order equations to estimate the relaxation rate of the axion dark matter due to λφ4 and gravitational
self-interactions.
It will be useful to expand on these points in more detail.
• The particle kinetic regime
In this case the rate at which the occupation number of a typical oscillator changes is small compared to the
energy exchanged in the corresponding transitions, and hence also Ωklij t >> 1. For the oscillator couplings of
the axion field, Eqs. (24) and (26), as a general rule, whilst the global energy of the fluid is always conserved,
local energy is not necessarily conserved in any one transition. Three-momentum is however conserved in each
transition.
Not only the first order terms in Eq. (29), but also the second order terms in the double sums, average to zero
in time.
The particle density in physical space is
n =
∫
d3p
(2pi)3
N~p (31)
and, if most states are unoccupied, the expression for the relaxation rate is
Γak ∼ n σ δv N (32)
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where σ is the a+ a→ a+ a scattering cross-section, and δv represents the velocity dispersion in the fluid.
The a+ a→ a+ a scattering cross-section from the λφ4 self-interaction is
σλ =
λ2
64pi
1
m2
(33)
whilst the a+ a→ a+ a scattering cross-section from gravitational interactions is
σg ' 4G
2m2
(δv)4
(34)
Put the Eqs.33 and 34 into Eq.32, we get
the relaxation rate from λφ4 self-interactions:
Γaλ k ∼ λ
2
64pi
1
m2
n δv N (35)
the relaxation rate from gravitational interactions:
Γag k ∼ 4G
2m2
(δv)4
n δv N (36)
• The condensed regime
In this case, the rate at which the occupation number of a typical system oscillator changes is much bigger than
the energy exchanged in the transitions it makes, that is, a huge number N of particles occupy a small number
K of states, N = NK >> 1.
Using Eq. (24), the estimate for the relaxation rate from λφ4 self-interactions in the condensed regime is [25]
Γaλ c ∼ 1
4
nλm−2 (37)
where n = N/V is the density of particles in the highly occupied, closely spaced states.
Likewise, using Eq. (26), the corresponding relaxation rate from gravitational interactions is
Γag c ∼ 4piGnm2`2 (38)
where ` ∼ 1/pmax is the correlation length of the particles.
Relaxation rates with other species
Motivated by the question of whether other species, such as hot particles, photons and other cold species, can come
into thermal contact with the cold axion fluid, and thus to explore more cosmic phenomenologies, it is important,
especially for the following discussion, to construct the gravitational interaction rates of the cold axion fluid with
these other species.
The Hamiltonian describing gravitational interactions between the cold axions and any other species is generally
given as
H =
M∑
i=1
ωia
†
iai +
S∑
j=1
ωjb
†
jbj +
∑
i,j,k,l
1
4
Λijkl a
†
ka
†
l aiaj +
∑
i,j,r,s
Λirb js a
†
jb
†
saibr (39)
where Λirb js =
(
Λjsb ir
)∗
. The b†j , bj , b
†
r, br, b
†
s, bs are the creation and annihilation operators for quanta of the new
species, which satisfy canonical (anti)commutation relations. The ωj are the energies of those quanta. The other
symbols (ωi, ai and Λ
ij
kl) have the same meaning as in Eq. (27).
As described before, same quantization scheme is used with a box volume V = L3 and periodic boundary conditions.
The new particle states are then labeled as r = (~n, σ), with momenta ~pb =
2pi
L ~n, spin σ, and energy ω =
√
~pb · ~pb +m2b ,
where mb is the mass of the new species.
13
The relaxation rate of the new species is then
Γb ∼ λb N δp
∆pb
∼ λb N 1
`∆pb
(40)
where N = KN is the number of cold axions in a volume V , δp ∼ 1/` is the momentum dispersion of cold axions,
and ∆pb is the momentum dispersion of the new species
9. If the new species are degenerate fermions their relaxation
rate will be suppressed by Pauli blocking, and thus Eq. (40) only makes sense when the b particles are bosons or
non-degenerate fermions.
• Hot particles
The relaxation rate for relativistic particles, e.g. hot axions and non-degenerate neutrinos, interacting with the
highly occupied low momentum axion modes is thus of order
Γr ∼ 4piGnm` (41)
• Cold particles
For non-relativistic cold particles, such as hydrogen atoms, baryons/leptons and WIMPs (bosons or non-
degenerate fermions), the relaxation rate is
ΓB ∼ 4piGnm` mB
∆pB
(42)
where ∆pB is their momentum dispersion.
• Photons
The relaxation rate for photons is
Γγ ∼ 4piGnm` (43)
which is the same as for hot particles, Eq. (41), in order of magnitude.
Thermalization rates
Axions are in thermal equilibrium if their relaxation rate Γa is large compared to the Hubble expansion rate H.
For convenience, we define axion self thermalization rate as: ΓaH .
We have noted that the formulae for the relaxation rate differ dependent on the regimes of the axion fluid (‘particle
kinetic’ or ‘condensed’). Using Eq. (35) in the particle kinetic regime, we get the axion (and generic ALPs) self
thermalization rate due to intrinsic self-interaction λφ4:
Γaλ k
H
∝ na
Hm2a
∝ a(t)−3t ∝ t− 12 (44)
where na is the axion number density, ma is the axion mass, a(t) is the cosmic scale factor.
So there must exists a time t1, before which the axions thermalize via the intrinsic self-interactions
Γaλ k(t1) ∼ H(t1) (45)
And after t1, the axions will lose thermal equilibrium.
Nothing much changes, because gravitational self-interactions will help approach new thermal equilibrium. Although
around t1 gravitational self-interactions are too weak to cause thermalization of cold axions, after t1, the thermalization
rate due to gravitational interactions is given by [25, 116]
Γag c
H
∼ 4piGnam
2
a`
2
a
H
∝ a(t1)
a(t)
t
t1
∝ a(t) (46)
9 If the momentum dispersion is very different in the initial and final states, ∆pb is the larger of the two.
14
This scales as a(t), and is thus an increasing function of time. The key contribution to this is the increasing correlation
length `a:
`a(t) =
1
mδv(t)
∼ t1 a(t)
a(t1)
. (47)
As a consequence, the λφ4 interaction is only effective at thermalizing axions for a short period in the early Universe,
whereas gravitational self-interactions can in contrast be effective at thermalizing axions over long time periods, and
hence inducing them to form a BEC.
Once thermal equilibrium occurs, there will be cooling effects between the contacted particles. So the following
condition will be criterion for the cooling effects:
Γag c
H
∼ 4piGmana`aω
∆pH
& 1 (48)
where ω and ∆p are the energy and momentum dispersion of the particle species in question.
From another point of view, not only the interaction between the axions themselves, but also the gravitational
interaction between the axions and any other particles can achieve thermal equilibrium. When the thermal equilibrium
is achieved, there is a heating effect on the lower energy particles, and a cooling effect on the higher energy particles.
The generalized thermalization rate is defined as ΓbH . Then the following condition is a criteria for thermal equilibrium,
cooling and heating effects:
Γb
H
& 1 (49)
Here b can be r, B, γ, especially Hydrogen:
ΓH
H
& 1 (50)
Some comments
Although there has been some controversy in the literature[117–119] around the effect of interactions between
axions and other particle species, beyond the original progenitors of the scenario it has for example been confirmed
that an axion BEC can indeed form in Ref. [120]. Some points remain unsettled at present, insofar as in Ref. [120]
it is for example argued that the value of the resulting correlation length may be overly reliant on the criterion of
homogeneity and hence reduced to be small, whilst in Ref. [116], it is emphasized that a BEC can be inhomogeneous
and nonetheless correlated over its whole extent, which can be arbitrarily large.
IV. Hydrogen cooling induced by axion condensation
The phenomenon discussed in the previous section offers the possibility to explain the anomalous EDGES result,
with condensed axion dark matter cooling the primordial hydrogen after it decouples from the CMB at z ∼ 200.
This latter point is essential, as if axion cooling begins whilst the CMB and hydrogen are in thermal equilibrium,
the effect on Eq.(2) will be negligible. Of course the onset of cooling must also occur prior to the cosmic dawn, and
the effect in total must give the correct EDGES absorption magnitude. As we will see in the following, and perhaps
surprisingly, these various requirements can be simultaneously accommodated by an ALP which may also function as
the QCD axion. In practice the EDGES observation uniquely selects a small range for ma, which is compatible with
present-day axion phenomenology and can also conceivably be explored at the next generation of axion experiments.
Using the formulae from the previous section, our starting point is the baryon cooling rate at the time of matter-
radiation equality,
ΓH
H
∼ 4piGmana`amH
∆pH
' 4piGmana
H2
(
mH
3TH
)1/2
(51)
where we have used the approximation ρa ' mana, which is sufficiently precise at low temperatures. And, assuming
that we are in the axion condensed phase, identified the axion BEC correlation length `a ∼ 1/H. And, by virtue of
the Maxwell-Boltzmann distribution ∆p ' √3mHTH . And, at this temperature we can identify ω ' mH .
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By the Friedmann equation
3H2 ' 8piGρtot (52)
We have
ΓH
H
∼ 4piGmana
(8piG/3)ρtot
(
mH
3TH
)1/2
'
(
mH
3TH
)1/2
3ρa
2ρtot
(53)
At the epoch of matter-radiation equality, ρtot ' 2ρDM , then, we get
ΓH
H
∣∣∣∣
teq
∼
(
mH
3TH
)1/2
3ρa
4ρDM
∣∣∣∣
teq
=
(
3mH
16Teq
)1/2
Ωah
2
ΩDMh2
(54)
neglecting the contributions of visible matter and dark energy. Ωah
2/ΩDMh
2 is the fraction of the cooling-induced
ALP density over the total dark matter relic density.
As mH >> Teq we evidently need a small (Ωa/ΩDM ) ratio to ensure cooling begins only when z ∈ (200, 20). To be
more precise we note that since a ∝ t2/3 during matter domination, we have
ΓH
H
∼ 4piGmana
H2
(
mH
3TH
)1/2
∝ 4piGmaNa
a3(a˙/a)2
(
mH
3TH
)1/2
∝ 9piGmaNa
(
mH
3TH
)1/2
∝
(
1
TH
)1/2
(55)
where Na is the total axion number, and a is the cosmic scale factor. This means ΓH/H ∝ 1/
√
TH , which implies
that after matter-radiation equality,
ΓH
H
=
ΓH
H
∣∣∣∣
teq
(
Teq
TH
)1/2
=
(
3mH
16Teq
)1/2
Ωah
2
ΩDMh2
(
Teq
TH
)1/2
=
(
3mH
16TH
)1/2
Ωah
2
ΩDMh2
(56)
To have the cooling effect, via Eq.(48), we set ΓH/H = 1 to yield
Ωah
2
ΩDMh2
=
(
16TH
3mH
)1/2
,
Ωah
2 =
(
16TH
3mH
)1/2
ΩDMh
2 . (57)
Since Teq ∼ 0.75 eV ' 8.7 × 103 K, and we require axion-induced cooling to occur between T z=200H ∼ 475 K and
T z=20H ∼ 10 K, we can firstly establish the requirement
Ωah
2
ΩDMh2
∈ (0.22, 1.5)× 10−5 (58)
It is important to note that once condensation occurs, we will have two distinct populations of cold axions; those
that are in the condensed state, and a remnant thermal population. Hydrogen can in principle interact with both,
however there exists a key distinction: scattering from the cold thermal axions will simply raise their temperature,
whilst scattering condensed axions will typically liberate them from the BEC, given the energies involved, and into the
thermal population. However, in Ref. [119] the rate at which the BEC occupation number can change via scattering
with external particles is calculated, finding that the latter number-changing process should be vanishingly rare. To be
careful though, this only means that the BEC cannot be excited directly by the hydrogen, and does not exclude that
the BEC cannot rethermalizing by itself. As such the total BEC axion occupation number density can in principle
change.
Since the energy lost from the hydrogen must be transferred to the thermal axions, energy conservation requires
ρH(TiH) + ρac(Tia) + ρat(Tia) = ρH(Tf ) + ρac(Tf ) + ρat(Tf ) (59)
Here, ρH(TiH), ρac(Tia), ρat(Tia) are the initial (pre-cooling) hydrogen, BEC axion, and thermal axion energy densi-
ties, respectively. Meanwhile ρH(Tf ), ρac(Tf ), ρat(Tf ) are the final (post-cooling) hydrogen, BEC axion, and thermal
axion energy densities, respectively.
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Because Tia is very low, ρa(Tia) is small enough to be ignored. We also set TiH = Ti to simplify the form, so that
the conservation equation becomes
ρH(Ti) ' ρH(Tf ) + ρat(Tf )− ρat(rest mass) (60)
where, ρat(rest mass) = ρac(Tia)− ρac(Tf ) means the rest mass energy density of the axions entering the thermal axion
population from the BEC axion population via rethermalization 10, 11.
In the case of cold hydrogen, to the lowest order, we have
ρH(TH) ' nH(mH + 3TH/2) (61)
where nH is the Hydrogen number density. Since hydrogen comprises the vast majority of baryonic matter at this
epoch we can use the baryon-to-photon ratio to estimate
nH ' 6× 10−10 nγ (62)
where nγ is the photon number density
nγ = 2ζ(3)T
3
γ /pi
2 (63)
And for simplicity, we assume
Tγ =
2.725× (z + 1)
11605
eV ,
TH ' T z=200H
(
z + 1
200 + 1
)2
' T z=200γ
(
z + 1
200 + 1
)2
. (64)
Inserting a Maxwell-Boltzmann distribution for the thermal axion population we have:
The energy density of thermal axions
ρat(T ) =
T 4
2pi2
∫ ∞
0
ξ2
√
ξ2 + (ma/T )2
exp
(√
ξ2 + (ma/T )2
)
− 1
dξ (65)
The number density of thermal axions
nat(T ) =
T 3
2pi2
∫ ∞
0
ξ2
exp
(√
ξ2 + (ma/T )2
)
− 1
dξ (66)
The rest mass energy density of the rethermalized axions
ρat(rest mass) = (nat(Tf )− nat(Tia))ma ' nat(Tf )ma =
T 3fma
2pi2
∫ ∞
0
ξ2
exp
(√
ξ2 + (ma/Tf )2
)
− 1
dξ (67)
Put all the Eqs.(61), (65), (67), and the related ones into the Eq.(60), we get the final energy conservation equa-
tion(sorry not to show here for the complication), with three unknown variables ma, Ti and Tf . If given Ti and ma,
we can solve this equation numerically for Tf and hence the cooling ratio Tf/Ti.
By Eq.(64) and assuming the change in z is negligible during the cooling process, we find the cooled Hydrogen
temperature at redshift z = 17 is
T z=17Hc ' T z=200H
(
zc + 1
200 + 1
)2(
Tf
Ti
)(
17 + 1
zc + 1
)2
= T z=17H
(
Tf
Ti
)
(68)
where zc is the redshift at which cooling begins, and T
z=17
H takes its usual ΛCDM value.
10 This is strictly a slightly more precise energy conservation equation than that used in Ref. [9], although the effect of the additional term
on our final result is negligible thanks to the 4th order root extraction.
11 For our parameter range of interest, both photon cooling by axions and thermal axion heating by photons is strongly suppressed, as
there is no large
√
mH/(3TH) factor in the corresponding photon cooling rate, see Eqs.(43), (42), (51). We also note the principal
constraint in the axion-induced cooling 7Li scenario was a large resulting Neff at recombination. For us this is not a cause for concern
as we are operating at a much later epoch, and the thermal axions excited will be non-relativistic.
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Since Ts = TH at this epoch, we then find the cooled spin temperature is
T z=17sc ' T z=17H
(
Tf
Ti
)
' T z=17s
(
Tf
Ti
)
(69)
where T z=17s takes the usual ΛCDM value.
Put this result into Eq.(2), we arrive at
T21 = 35 mK
(
1− Ti
Tf
Tγ
TH
)√
1 + z
18
(70)
where Tγ and TH take their usual ΛCDM values.
From the EDGES result, T21 is limited in a range:
T z∼1721 ∈ (−1.77,−0.21) K (71)
For a brief overview of the cooling process, we offer the following schematic graph:
FIG. 1. Schematic overview of the axion-hydrogen cooling process. Here z1 is the redshift when hydrogen and the CMB
decoupled at the temperature T1; z2 is the redshift when hydrogen was cooled by the axion dark matter to the temperature
T2; and z3 is the redshift when the hydrogen spin temperature was coupled to the hydrogen temperature via the Wouthuysen-
Field effect and so reduced to the temperature T3.
V. Numerical computation and experimental constraints
Based on the previous derivations and formulae, we can then now calculate our desired result. In practice additional
care is needed since the basic redshift relations do not accurately capture the evolution of TH in this region, so we
use RECFAST to compute TH and Tγ [121]. Numerically fitting we find
TH =
0.2142 + 0.00302658z + 0.0238931z2 − 0.0000843203z3 + 1.14389× 10−7z4
11605
,
Tγ =
2.725 + 2.725z − 4.53898× 10−16z2 + 3.43388× 10−18z3 − 9.52519× 10−21z4
11605
. (72)
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The resulting dependence in Eq.(70) is however nonetheless correct, and so we can use Eq.(60) to find the resulting
21 cm absorption feature.
V.A. The relic density constraint
The energy conservation equation Eq.(60) has three unknown variables ma, Ti, Tf . Here Ti is determined by zc.
For practical computation we construct an array of values for zc and x = ma/Tf respectively, then for every pair of
(zc, x), solve for the value of ma, and hence Tf = ma/x. So, for a certain value ma, there are many different (zc, x)
or (Ti, Tf ) pair values. Equivalently, by equation Eq.(57), Ωah
2 is determined by Ti, so we can also say for a certain
value ma there are many different possible (Ωah
2, Tf ) values.
By Eq.(70), we can get a function of T21 with two independent variables ma and Ωah
2. By the limitations (71) and
(58), we can get a constraint figure about ma and Ωah
2 as given in Fig. 2. By virtue of the EDGES best-fit result,
where each value gives T21 ' −0.5 K at z ∼ 17, we will favour an ALP with mass ma ∈ (10, 450) meV.
Since in the generic ALP case the relationship between Ωah
2 and ma is unfixed, we cannot directly connect them
to coupling constraints and thus standard axion phenomenology. However, for the QCD axion the corresponding fa
is given via
Ωah
2 = 0.15X
(
fa
1012 GeV
)7/6
(73)
where for Peccei-Quinn (PQ) symmetry breaking prior to inflation X ' sin2 θmis/2, whilst for PQ symmetry breaking
after inflation X ∈ (2, 10) depending on the relative contributions of topological defect decays and vacuum misalign-
ment [26]. This implies that
fa ∈ (1.2, 6.1)×X−6/7 × 107 GeV (74)
which is in turn related through chiral perturbation theory to ma via
ma ' 6 eV
(
106 GeV
fa
)
(75)
yielding
ma ' 1.18× 10−6 eV
(
Ωah
2
X
)−6/7
(76)
where care is required in that ma is now not freely varied in this instance; each value is associated to a specific Ωah
2,
and thus the specific zc and Ti at which cooling begins. Additionally by Eq.(58), numerically, we get
ma ∈ (0.1, 0.5)×X6/7 eV (77)
Taking care to accommodate this, we arrive at a one-to-one mapping between ma and T21. We also note for
completeness that in this mass range we can expect both hot and cold axion dark matter, due, for example, to
thermal production and vacuum misalignment respectively.
Since X ∈ (2, 10) for post-inflationary PQ symmetry breaking, the minimum value for this quantity is realized for
pre-inflationary symmetry breaking, in which case we have X6/7 ∼ 0.5 in the absence of fine-tuning, assuming the
initial misalignment angle is randomly drawn from a uniform distribution on [−pi, pi], giving 〈θ2mis〉 = pi2/3.
Varying X we will find a preferred natural range of ma ∈ (100, 450) meV for the QCD axion by virtue of the
EDGES best-fit result(where each value gives T21 ' −0.5 K at z ∼ 17 as mentioned before).
If we fix X6/7 = 1 as a benchmark case and relax T21 ∈ (−1.77,−0.21) K at z ∼ 1712, working backwards, the
99% confidence limits presented in Eq.(2) then in this case imply ma ∈ (120, 180) meV, with the best fit value
corresponding to ma ' 150 meV.
Considering all these ALP and QCD axion possibilities, we show the parameter space in Fig. 2, where the QCD
axion is represented via lines of constant X6/7.
12 Here we remind the reader that T21 ' −0.21 K is the standard ΛCDM result, which we reach in the limit of this mechanism being
inoperative.
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FIG. 2. The ALP (ma,Ωah
2) parameter space satisfying Eq.(58), colour-coded with the resulting 21cm brightness temperature
at z = 17. Comparison with the best-fit EDGES result suggests a ma ∈ (10, 450) meV range of compatibility. Since the QCD
axion fixes the relationship between these quantities in terms of the dark matter density parameter X appearing in Eq.(73),
we overlay lines of fixed X to show dependence on this quantity.
V.B. The coupling constraint
Since the generic ALP case does not immediately translate to ordinary axion coupling constant constraints, we can
specialize to the QCD axion to gain some phenomenological insight and delineate the parameter values implied by
the EDGES observation in this scenario, along with the various experimental and observational constraints which
may apply. In Fig. 3 we reproduce constraints on the axion parameter space in our region of interest from [122]
colour coded with the resulting value of T21 at z = 17 for the benchmark case of X = 1. As is evident, the EDGES
observations can be straightforwardly accommodated within the ordinary QCD axion band.
It is of course important to note that the full possible mass range favoured by these results is strongly disfavoured
for DFSZ type axions due to stellar energy-loss constraints [70, 71, 122]. As such we are implicitly considering KSVZ
type axions [68, 69], although the ratio E/N of the electromagnetic to colour anomaly is however allowed to vary
within the usual range to accommodate variant models of the QCD axion [75, 76].
Strictly speaking even then there is some tension between our preferred mass range and the observed burst duration
of SN1987A, which favours fa & 4 × 108 GeV for standard QCD axions [123]. This arises from an inference of the
SN1987A cooling timescale, and thus energy loss to axions, from the time interval between the first and last neutrino
observation. However, given that these limits are derived from a single observation, and not to mention our limited
knowledge regarding about axion emission in this extreme environment (the resulting exclusion being ‘fraught with
uncertainties’ in the words of Ref. [123]), we can follow the example of others (e.g. Ref. [124]) and exercise a measure
of caution in applying this constraint.
Furthermore, in Ref. [126], the top two panels of figure 2 suggest that the mass range in question can still be
compatible with DFSZ axions in a region favored by stars, and furthermore in fact seems to be particularly interesting
for DFSZ-II models. We also notice that in a recent preprint [127] the author argues that those bounds are actually
overestimated by an order of magnitude and recalculates to find weaker constraints, which would then marginally
permit e.g. DFSZ axions in our 21 cm scenario. So-called ‘astrophobic’ axion models are also noteworthy here, where
O(100) meV axion masses are allowed at the cost of introducing some flavour-violating couplings [77, 128].
In addition, we can also recapitulate at this point that ultimately the axion cooling mechanism employed here is
gravitationally mediated, and so could be achieved with no Standard Model couplings whatsoever, and thus no issues
in this regard. By extension, the use of the QCD axion is in this context non-essential, and our primary results for
generic axion-like-particles can still apply regardless.
We can also note from Ref. [124] that although our mass range of interest evades hot dark matter constraints at
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FIG. 3. The region of the axion parameter space relevant for our purposes, reproduced from [122], with the 21cm brightness
temperature at z ∼ 17 overlaid from axion-induced cooling processes in the benchmark case of X = 1. The yellow band
denotes QCD axion models with varying electromagnetic/colour anomaly coefficients, whilst the black curves indicate forecast
sensitivities for the proposed IAXO experiment. The best fit ma value preferred by the EDGES observations in this case is 150
meV.
present, future large scale surveys such as the EUCLID mission are in conjunction with Planck CMB data projected
to probe ma & 150 meV for the QCD axion at high significance, allowing this scenario to be definitively tested in the
near future [125]. More specifically, EUCLID will probe at the expansion of the universe and large scale structure, via
galaxy observations out to z ∼ 2. Axions can be produced thermally if their couplings are not extremely suppressed,
and so act as hot dark matter, which has a very different phenomenology compared to cold dark matter. Once the
mass of QCD axion is above 150 meV, it will have couplings strong enough that it can be copiously produced via
thermal processes during the QCD phase transition, resulting in too much hot dark matter, which alters structure
formation in a way detectable by EUCLID.
Inspired from Ref. [10], we note that our mechanism may have a damping effect on Baryon Acoustic Oscillations
(BAO). Although it is ultimately argued there that the net effect on BAO should be consistent with observations, it
may be worthwhile to more deeply explore the consequences of this scenario for this and other cosmological observables.
As such BAO related experiments, such as eBOSS [129, 130], may also be of relevance to this scenario.
VI. Summary
The EDGES collaboration have recently presented an anomalously strong 21cm absorption profile, which could be
the result of dark matter interactions around the time of the cosmic dawn. Despite a flurry of interest there is as of
yet no clear consensus on the provenance of this effect, and whether it is indeed a signature of dark matter at all.
However, these results nonetheless provide an exciting first window into a previously unexplored epoch.
We have in this paper explored the potential of condensed-phase axion dark matter to explain these anomalous
observations via a reduction of the hydrogen spin temperature during this epoch. By fixing the axion CDM relic
density so that cooling begins within the appropriate epoch, we find cooling effects that are both capable of explaining
the EDGES observations and compatible with present day axion phenomenology. More specifically, we find that the
EDGES best-fit result of T21 ' −0.5 K and the requirement that hydrogen cooling occur within the range z ∈ (200, 20)
are consistent with the cooling induced by an axion-like-particle of mass ma ∈ (10, 450) meV. Specializing further
to the QCD axion case, we find the preferred range ma ∈ (100, 450) meV, in the absence of fine-tuning. Future
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experiments and large scale surveys, particularly the International Axion Observatory (IAXO) and EUCLID, should
have the capability to directly test this scenario.
As however the underlying cooling mechanism relies only upon gravitational couplings, it is not limited strictly
to the context of models of the QCD axion. As such it may also be arranged to occur in the primary scenario of
axion-like-particles with no Standard Model couplings whatsoever, which could then evade bounds from stellar cooling
and supernova observations.
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